(inhibitor of apoptosis). The predicted sequence of the LAP polypeptide exhibited no significant homology to P35 but contained a zinc finger-like motif which is also found in other genes with the potential to regulate apoptosis, including several mammalian proto-oncogenes and two insect genes involved in embryonic development. In the context of the viral genome, both iap and p35 were able to block apoptosis induced by actinomycin D, indicating that these genes act by blocking cellular apoptosis rather than by preventing viral stimulation of apoptosis. Several independent recombinant viruses derived from cotransfections with either the entire CpGV genome or the 1.6-kb subclone were characterized.
The Autographa californica nuclear polyhedrosis virus (AcMNPV) p35 gene has been shown to be required to prevent premature cell death during infection of some, but not all, insect cell lines (6, 17) . Normally, replication of AcMNPV in host insect cells results in formation in the nucleus of virus particles which become embedded within polyhedral occlusion bodies beginning at around 24 h postinfection (p.i.) (for a review, see reference 25) . Infection with p35 mutant viruses, such as the annihilator mutant (vAcAnh), however, results in cell death beginning at around 9 to 12 h p.i., and no polyhedra are formed. Several features of the prematurely dying cells, in particular, the way in which the cells disintegrate by a process of blebbing and the cleavage of cellular DNA into a chromatin ladder, indicate that cell death is due to apoptosis, an active process of programmed cell death commonly observed in vertebrates but not previously confirmed in invertebrates (6) .
To gain a better understanding of the mechanism of p35 action, an assay for detection of p35-homologous genes in other baculoviruses was developed. The assay consisted of cotransfection of Spodoptera frugiperda SF-21 cells, which undergo apoptosis when infected with p35 mutant viruses, with vAcAnh DNA and a test DNA. If the test DNA contained a gene able to block apoptosis and thus functionally replace p35, the resulting recombinant viruses produced polyhedra, which were easily seen with a light microscope. Although the assay was originally designed to identify p35-homologous genes, any gene which can block apoptosis in these cells should be able to rescue polyhedron formation.
In preliminary experiments, we found that Cydia pomonella granulosis virus (CpGV) was able to complement the mutation in vAcAnh when DNAs The six cosmids used (Fig. lb) (Fig. ld) in plasmids pSB1 to pSB7. The 1.6-kbp SalI-SstI fragment (B6), which was still able to rescue, was sequenced ( Fig. 2) and revealed the presence of one incomplete and three complete open reading frames (ORFs) with coding capacities of greater than 50 amino acids (Fig. 3a) . None of these ORFs showed any significant sequence homology to the p35 gene of AcMNPV, and therefore, further cotransfections were done with deletion clones containing subfragments of clone pSB6 (Fig. 3b) 
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Sol TTTCTTCT_ SIISCTI 600 (Fig. 4) , except that there was an additional amino acid in the central portion, making the sequence CXHX3CX2C. The other feature of the IAP sequence which was not present in any of the other polypeptides was that the CX2C repeat occurred twice instead of just once in the amino-terminal half of the motif, with the more amino-terminal repeat occupying the more conserved position.
Searches of the available data bases revealed two sequences with significant overall homology to iap. One of these is located in the AcMNPV PstI-I region between 14.7 and 17.9 map units (GenBank/EMBL accession no. M96361; ORF 13 of reference 2a). The CpGV and AcMNPV iaphomologous sequences were found to be 45% identical at the nucleotide level and 53% similar and 31% identical at the amino acid level. The level of homology was similar throughout the entire length of the two sequences. Both of the peptides contained the zinc finger-like motif at their carboxy termini. Of the other known polypeptides containing this 225 266
Alignment of IAP, amino acid residues 225 to 266, with a consensus sequence derived from the 27 known zinc finger-like motifs. A single gap was inserted into the consensus sequence to maintain alignment with the IAP sequence. Amino acid positions which are entirely conserved in all of the known motifs are indicated in the consensus sequence, positions occupied by large hydrophobic residues are indicated by dots, and basic, acidic, or amide residues are indicated by an asterisk in the consensus sequence, as described by Wirth et al. (40) . motif, only one has the motif at the carboxy terminus, PAF-1 (27) ; otherwise, the motifs are found at the amino termini or in the central portions of the polypeptides.
The other sequence found to have significant homology to iap also occurs in an insect virus, Chilo iridescent virus (GenBank/EMBL accession no. M81387) (15) . When the sequences are optimally aligned, an ORF is found which contains a zinc finger-like motif that is similar to the one found in IAP and has an overall 44% similarity and 25% identity to IAP at the amino acid level.
Characterization of annihilator-CpGV recombinant viruses. Genetic recombination has not been previously observed between members of different baculovirus subgroups. It was therefore of interest to determine the extent of alteration which occurred in the vAcAnh genome during its rescue, especially when the entire CpGV genome was used. Three independent isolates of each type of recombinant (vAcAnh rescued with the entire CpGV genome and vAcAnh rescued with plasmid pSB6) were plaque purified and amplified with SF-21 cells. Preparations of DNAs from the three recombinants made with the CpGV genome (vACP-1, -2, and -3) and the three recombinants made with pSB6 (vASB6-1, -2, and -3) were digested with various restriction endonucleases, and fragment patterns were compared with digested vAcAnh DNA. Comparison of vACP-1, -2, or -3 with vAcAnh failed to reveal any gross alterations, such as loss or gain of any DNA fragments, when the DNAs were digested with PstI (Fig. SA) . Similar results were obtained following digestion with EcoRI, HindlIl, SstI, SstII, or XhoI (data not shown).
However, some restriction fragments were present in submolar quantities (Fig. SA) . Significant alterations were apparent in the HindIII-F, EcoRI-I, and PstI-D fragments of vASB6-1; the EcoRI-A, HindIII-D, and PstI-G fragments of vASB6-2; and the EcoRI-K, HindIII-E, and PstI-F fragments of vASB6-3 (PstI data are shown in Fig. SA) . The other enzymes used for analysis produced altered fragments which either comigrated with other bands or were too large to resolve small size differences consistent with insertion of the plasmid. Given the observed alterations in the restriction fragment patterns of the recombinant viruses, the sites of insertion of pSB6 were localized to between 0 and 3.4 map units for vASB6-1, between 8.65 and 13.4 map units for vASB6-2, and between 25.0 and 29.0 map units for vASB6-3 (25) .
Southern blotting confirmed the presence of pSB6 sequences in all six of the recombinant viruses (Fig. 5B ).
However, a significant difference in signal intensity was consistently observed between the two types of recombinants, with vACP-1, -2, and -3 being at least 10-fold lower in intensity than vASB6-1, -2, and -3 (Fig. 5B) , despite the loading of similar amounts of total DNA (Fig. 5A ). This difference in intensity was not due solely to the presence of plasmid vector sequences in the hybridization probe used, since similar results were obtained with a gel-purified fragment of pSB6 insert sequences as a probe (Fig. 5C ).
The iap ORF was intact in all six of the recombinant viruses, further supporting the conclusion that the IAP gene product was responsible for rescue of vAcAnh. Digestion of CpGV DNA with SalI and XmnI, which cut on either side of the iap ORF (positions 1 and 1206 [ Fig. 2]) , produced a 1.2-kb band which hybridized with the labeled pSB6 SalISstI insert (Fig. 5C ). SalI-XmnI digestion of each of the six recombinant virus DNAs generated the same 1.2-kb band (Fig. SC) . Additional bands also hybridized with the pSB6 insert; most of these additional bands could be attributed to hybridization with the pSB6 insert DNA lying between the J. VIROL. XmnI and SstI sites. However, vASB6-2 and -3 exhibited bands which are most readily explained by assuming that these two recombinants contained more than one insertion of pSB6 sequences. Abilities of p35 and iap to block actinomycin D-induced apoptosis. The possibility existed that p35 and iap prevent apoptosis by preventing viral stimulation of apoptosis rather than by directly blocking apoptotic death. To address this question, we tested the abilities of viruses carrying these genes to block apoptosis induced by a different stimulus, namely, the RNA synthesis inhibitor actinomycin D. Treatment of SF-21 cells with actinomycin D induced apoptosis beginning within 2 to 3 hours, resulting in both apoptotic morphology (7) and chromatin fragmentation (Fig. 6 ). Cells infected with either wild-type AcMNPV (containing p35) or vASB6-1 (lacking p35 but containing CpGV iap) did not become apoptotic when treated with actinomycin D at 5 h p.i. or later, whereas cells infected with vAcAnh and treated similarly with actinomycin D became apoptotic more rapidly than when only infected (Fig. 6) . Thus, in the context of viral infection, both p35 and iap were able to block apoptosis induced by actinomycin D. None of the viruses was able to block apoptosis if actinomycin D was added at 4 h p.i. or earlier (7). Presumably, this was due to the time required for synthesis of viral proteins, including P35 or IAP.
DISCUSSION
The technique of marker rescue has provided a powerful tool for locating and identifying genes responsible for several AcMNPV mutant phenotypes (23) , but this is the first time that the method has been used to locate a gene on a different baculovirus. The phenotype of the mutant virus, vAcAnh, had been previously characterized and shown to result in apoptosis in infected SF-21 cells (6) . This dramatic alteration of the normal course of infection results in greatly reduced production of budded virus and no polyhedron formation. Rescue of the wild-type phenotype therefore provides a strong selective advantage and an easily observed phenotypic marker; even low levels of recombination, resulting in incorporation of a gene which inhibits apoptosis, can be readily detected, and the resultant recombinant virus predominates on subsequent passage. Although we used this assay to map a gene in a different baculovirus which was able to block apoptosis, the assay may also prove useful for identifying cellular genes involved in blocking apoptosis. Southern blotting of AcMNPV DNA with CpGV DNA probes had previously failed to detect any hybridization of CpGV DNA to the p35 gene region of AcMNPV (9) . Nevertheless, it was unexpected that the iap gene would show no sequence homology at all to the p35 gene. The presence of a zinc finger-like motif in the iap-encoded polypeptide, together with the lack of overall sequence homology to p35, indicates that these two genes are likely to be unrelated in both ancestry and mechanism of action.
This type of zinc finger-like motif has previously been found in three other baculovirus proteins, CG30, PE38, and IEN, from AcMNPV and the homologous proteins in 0. pseudotsugata nuclear polyhedrosis virus (2, 4, 21, (33) (34) (35) . None of these other baculovirus genes have the ability to block apoptosis in SF-21 cells (7), nor do they have any significant homology to iap outside of the zinc finger region. The presence of a fourth zinc finger-like gene in AcMNPV with significant overall homology to iap raises the possibility that both p35 and the AcMNPV iap-homologous gene are required to block apoptosis during AcMNPV infection. If this were the case, however, the AcMNPV iap-homologous gene would not be able to block apoptosis in the absence of p35, whereas the CpGV iap gene apparently is able to block apoptosis without p35 in vAcAnh-infected SF-21 cells. The presence of iap in at least two distantly related baculoviruses, CpGV and AcMNPV, and also possibly in the unrelated insect virus Chilo iridescent virus, suggests that iap may be important in blocking apoptosis during infection by many different insect viruses.
Several of the 27 polypeptides known to contain the type of zinc finger-like motif found in IAP may also be involved in control of apoptosis. These include the mammalian protooncogenes or oncogenes PML, bmi-1, c-cbl, mel-18, and ret (1, 11, 16, 19, 31, 32) , as well as Drosophila genes Psc and su(z)2 (3, 36) . In particular, PML, bmi-1, and c-cbl are associated with abnormal proliferation of either lymphocytes or promyelocytes when mutated (1, 11, 16, 19) , while Psc and su(z)2 are homologs of bmi-1 and are involved in embryonic development (3, 36) . Since apoptosis is known to be intimately involved in both survival of immune cells and embryogenesis (38, 39) , iap may belong to a class of cellular proteins containing a conserved and distinctive zinc fingerlike motif that regulate apoptosis in both insects and mammals. The presence of the zinc finger-like motif in the iap-encoded polypeptide suggests that IAP acts as a transcriptional regulatory factor; it has been suggested (13) that zinc fingers of this type are involved in DNA binding, although this has been demonstrated only for mel-18 (31) . Characterization of the progeny viruses resulting from the marker rescue experiments was of interest, since examples of recombination between different baculoviruses have only rarely been recorded, consisting of recombination between genotypic variants of the same virus (8, 28, 30) . In these cases, recombination apparently occurred at regions of high homology. In the present work, the two baculoviruses involved are only distantly related, and although the gene which was transfered from CpGV shows low but significant homology to the PstI-I region of AcMNPV, the site of insertion apparently varied with each of the recombinants characterized. The three recombinants resulting from cotransfection with pSB6 were plaque purified and gave restriction profiles showing differences from wild-type virus consistent with insertion of a small fragment of DNA at distinct sites between 0 and 30 map units. We wanted to characterize the recombinants resulting from cotransfections with the whole CpGV genome to determine whether large segments of CpGV DNA were incorporated into AcMNPV or whether just the iap gene was selected. Despite three rounds of plaque purification, it appeared that the recombinant viruses either had not been cloned or were genetically unstable; the latter possibility seems more likely, given the extensive plaque purification. Each of the viruses contained the intact CpGV iap gene, as shown by their normal AcMNPV phenotype and Southern blotting. However, restriction analysis gave profiles more or less similar to that of wild-type AcMNPV, and levels of the iap gene present in these viruses were considerably lower than in the pSB6 recombinants, as determined by comparison of signal inten-sities on Southern blots. The presence of submolar restriction fragments and low levels of iap in vACP1-3 suggests that these viruses consist of a mixed population of genotypes.
While treatment of cells with RNA or protein synthesis inhibitors usually blocks apoptotic cell death, the ability of actinomycin D to induce apoptosis has been previously described for a few mammalian cell types (14, 22) . Induction of apoptosis by inhibition of RNA synthesis indicates the need for continuous synthesis of a factor required to inhibit apoptosis in these cells. Since treatment with the protein synthesis inhibitor cycloheximide results in only very low levels of apoptosis in SF-21 cells (7), the data indicate the requirement for RNA synthesis to inhibit apoptosis. It should be noted that induction of apoptosis by AcMNPV infection occurs at approximately the same time as a reduction in host RNA and protein synthesis begins, at around 9 to 12 h p.i. (5, 24) , suggesting a possible common mechanism of induction of apoptosis by actinomycin D and virus infection.
Although both iap and p35 are able to block apoptosis induced by two very different affectors, viral infection and actinomycin D, it seems likely that they operate in different ways because they share no obvious sequence homology. Different control points along the apoptotic pathway(s) are certainly possible, given the high degree of complexity thought to be involved in apoptotic control (26) . Alternatively, it may be that p35 is only required in some baculoviruses to assist in the function of iap. We are currently studying the function of the AcMNPV iap-homologous gene in AcMNPV infection to determine whether it has any involvement in prevention of apoptosis. It is also possible that the function of iap in CpGV is unrelated to apoptosis blocking, since we have not tested the effect of deleting the i,ap gene on the replication of CpGV in C. pomonella cells or insects.
